Abstract: A ruthenium-catalyzed asymmetric arylation of aliphatic aldehydes and α-ketoesters with arylboronic acids has been developed, giving chiral alkyl(aryl)methanols and α-hydroxy esters in good yields. The use of a chiral bidentate phosphoramidite ligand (Me-BIPAM) achieved excellent enantioselectivities.
Introduction
Transmetalation between organoboronic reagents and transition metals is a fundamental process involved in many metal-catalyzed C-C bond-forming reactions [1, 2] . In this field, we reported a new catalytic cycle starting from transmetalation to give an organorhodium(I), -palladium(II) or -ruthenium(II) intermediate for 1,4-addition of organoboronic acids to electron-deficient alkenes and arylation of the carbon-heteroatom double bond of aldehydes and N-sulfonylimines [3] [4] [5] . We have developed new bidentate chiral phosphoramidites [Me-BIPAM (6) , N-Me-BIPAM (7)] based on linked-BINOL for enantioselective 1,4-addition of arylboronic acids to enones [6, 7] , arylation of aldimines [8] and hydrogenation of α-dehydroamino esters [9] with rhodium catalysts. These ligands were also found to be highly efficient for ruthenium-catalyzed enantioselective arylation of aromatic OPEN ACCESS aldehydes [10] . Herein, we report arylation of aliphatic aldehydes 1 and α-ketoesters 2 with arylboronic acids 3 catalyzed by a chiral ruthenium complex, generated in situ from [RuCl 2 (p-cymene)] 2 and (R,R)-Me-BIPAM (6) (Scheme 1). Scheme 1. Arylation of aliphatic aldehydes and α-ketoesters. 
Results and Discussion
The arylation of carbonyl compounds with organolithium [11, 12] , organomagnesium [13] [14] [15] and organozinc [16] [17] [18] [19] [20] [21] reagents are the traditional ways to access alkyl(aryl)methanol and α-hydroxy-esters, but there has been recent interest in the transition-metal-catalyzed arylation using tin [22] and boron [23] [24] [25] [26] [27] compounds. Since the corresponding rhodium complexes were inefficient, we previously developed a highly enantioselective arylation of aldehydes with boronic acids by using ruthenium catalyst [10] . In our continuing program to expand the utility of the ruthenium/Me-bipam catalyst, we planned to develop an enantioselective addition of arylboronic acids to aliphatic aldehydes.
[RuCl 2 (p-cymene)]/Me-bipam (2 mol%) catalyzed the addition of arylboronic acids to representative aliphatic aldehydes in high yields in the presence of one equivalent of K 2 CO 3 at 60 °C in toluene/H 2 O (10:1). A variety of aliphatic aldehydes underwent the arylation reaction (Table 1) . Not only linear aliphatic aldehydes but also branched ones participated in the arylation reaction. Most reactions took place smoothly in toluene/H 2 O (10/1), but toluene/H 2 O (5/1) was a better solvent for the slow addition (Table 1 , entries 1, 6, 10, 11, [17] [18] [19] .
Next, we employed Ru/Me-BIPAM as the catalyst for the addition reaction of arylboronic acids to α-ketoesters, could yield useful α-hydroxy-esters with α-quaternary carbon centers. The rhodium(I)/(S)-Ship complex developed by Zhou and co-workers was the most promising catalyst, achieving 80-93% ee for 2-oxo-2-arylacetate and 2-oxo-4-phenyl-3-butenoate [29] . Several bases were screened for the reactions involving a [RuCl 2 (p-cymene)] 2 /2Me-bipam catalyst (Table 2) . (Table 3) . High ee values were obtained with methyl, ethyl, and phenyl-substituted ketoesters.
Representative meta-and para-substituted arylboronic acids with electron-donating or electron-withdrawing substituents afforded good yields of tertiary α-hydroxy-esters with high enantioselectivities. (R,R)-Me-bipam has given the products 4 and 5 by the same enantioselection. To elucidate the enantioselection in the mechanism, the characterization of the catalyst and the intermediate are in progress. 
Experimental Section

General
1 H-NMR spectra were recorded on a JEOL ECX-400 (400 MHz) in CDCl 3 with tetramethylsilane as an internal standard. Chemical shifts are reported in part per million (ppm), and signal are expressed as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). 13 C-NMR spectra were recorded on a JEOL ECX-400 (100 MHz) in CDCl 3 (δ C = 77.0) with tetramethylsilane as an internal standard. Chemical shifts are reported in part per million (ppm). HPLC analysis was directly performed with chiral stationary phase column, Chiralpak AD-H, IB or Chiralcel OD-H, OB-H purchased from DAICEL Co., Ltd. High resolution mass spectra (HRMS) were recorded on a JEOL JMS 700TZ mass spectrometer at the Center for Instrumental Analysis, Hokkaido University. Optical rotations were measured on a HORIBA SEPA-300 digital polarimeter. Kanto Chemical silica gel 60N (particle size 0.063-0.210 mm) was used for flash column chromatography. RuCl 3 ·xH 2 O were purchesed from Strem Chemical, Inc. [RuCl 2 (p-cymene)] 2 [28] , BIPAM ligands (Me-BIPAM, N-Me-BIPAM) were prepared according to our previous procedure [7, 8] . Me-BIPAM was commercially available from Wako Pure Chemical Industries, Ltd.
General Procedure for Arylation of Aliphatic Aldehydes (Table 1)
A flask was charged with [RuCl 2 (p-cymene)] 2 (0.005 mmol, 1 mol%) and (R,R)-Me-bipam (0.011 mmol, 2.2 mol%) under a nitrogen atmosphere. Toluene (3.0 mL) was added to the flask and the mixture was then stirred at room temperature for 30 min to prepare the catalyst. Pentanal (1b, 0.5 mmol), phenylboronic acid (3a, 0.75 mmol), K 2 CO 3 (0.5 mmol), and H 2 O (0.3 mL) were then added to this catalyst solution. The reaction mixture was stirred at 60 °C for 16 h, at which time the crude reaction mixture extracted using ethyl acetate, washed with saturated NH 4 Cl and brine, and dried over MgSO 4 . Chromatography of the crude reaction mixture on silica gel gave (R)-1-phenyl-1-pentanol (4ba) [29] (Table 3) A flask was charged with [RuCl 2 (p-cymene)] 2 (0.005 mmol, 1 mol%) and (R,R)-Me-bipam (0.011 mmol, 2.2 mol%) under a nitrogen atmosphere. Toluene (3.0 mL) was added to the flask and the mixture was then stirred at room temperature for 30 min to prepare the catalyst. Isopropyl pyruvate (2a, 0.5 mmol), phenylboronic acid (3a, 0.75 mmol), KF (1.0 mmol), and H 2 O (0.3 mL) were then added to this catalyst solution. The reaction mixture was stirred at 80 °C for 16 h, at which time the crude reaction mixture extracted using ethyl acetate, washed with saturated NH 4 Cl and brine, and dried over MgSO 4 . Chromatography of the crude reaction mixture on silica gel gave (S)-isopropyl 2-hydroxy-2-phenylpropanoate (5aa) in 85% yield [44] [45] [46] . 
General Procedure for Arylation of α-Ketoesters
Conclusions
In summary, we have developed a catalytic asymmetric arylation of aliphatic aldehydes and α-ketoesters with arylboronic acids by RuCl 2 (p-cymene)/Me-BIPAM catalyst. With this catalyst system, a broad range of enantiopure alkyl(aryl)methanols and α-hydroxy-esters were easily prepared. Studies on further applications of Me-BIPAM to other C-C bond-forming reactions are in progress in our group.
